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ABSTRACT

The finite-element model FEMWATER was used to simulate groundwater
movement in the two-dimensional vertical plane of an atoll island section.
The model island had dimensions consistent with Enjebi Island (Enewetak
Atol1), a surficial (Holocene) aquifer to a depth of 15 m with hydraulic
conductivity = 6.9 x 1074 m/sec, overlying a (Plio-Pleistocene) aquifer with K
= 6.9 x 1072 m/sec. A tidally varying water level was applied to the ocean
and lagoon boundaries, and the model was run until pseudo steady-state
conditions were achieved in the groundwater variations. Hydraulic head
contours in the vertical section demonstrate that water motion under the
supratidal portion of the island is almost exclusively vertical. Calculated
water table tidal lags and efficiencies are in excellent agreement with
measured values from shallow wells on Enjebi Island, confirming the validity
of the layered aquifer model and the approximate magnitudes of the hydraulic
conductivities. Model results near island marqgins can be interpreted to
explain other features of hydrologic field data from atoll islands. The
results emphasize the potential importance of tidal effects and vertical water

flow on reef island groundwater systems, and cast doubt on the utility of



traditional models using the Dupuit assumptions of essentially horizontal

flow.

1.  INTRODUCTION

Quantitative models of atoll island hydrology are of interest and utility
from several standpoints. The "low islands" of the Pacific are recent
carbonate sedimentary structures perched atop oceanic coral reefs. There is
considerable scientific interest in coral reef systems, both in terms of
present structure and function and in relation to their development and
diagenesis over time. An understanding of water movement through and within
these structures, and particularly of the distribution of fresh water in the
island ground-water systems, would be relevant to a wide variety of
disciplines. On a more practical level, the inhabitants of many such islands
rely on ground water as a primary or backup source of fresh water for domestic
and agricultural use. An accurate hydrologic model is essential to effective
resource evaluation and exploitation on islands which are often characterized
by Timited extent, variable rainfall, and increasing population.

The conceptual basis for most island and coastal models is the Ghyben-
Herzberg principle. In its most basic form, this is simply the observation
that fresh-water recharge to an oceanic island will tend, when restrained and
protected from wave and tidal mixing by the porous medium, to form a lens of
fresh water which floats upon the underlying seawater in the formation. The
head induced by this fresh-water lens is related to the total thickness of the
fresh-water lens and the density difference between sea water and fresh water;
typically, one unit of head elevation above mean sea level (MSL) indicates the
presence of an idealized fresh-water lens extending approximately 40 units

below MSL. The validity of the basic physical principle is frequently



obscured by confusion between fresh-water inventory and actual potable

water. A 5 m lens of potable water will have the same head as a 10 m lens of
50% sea water, since the integrated density deficit of the water column is the
same, even though salinity distributions and the potential utility of the
water are radically different. In this paper, the term "fresh-water" is used
generically to indicate that fraction of the ground-water body which is
attributable to rainfall recharge, regardless of the salinity of the total
mixture.

It is generally recognized that there is not a sharp interface between
fresh water and ocean water at the bottom of an island lens; various forces,
especially tidal mixing, create a brackish transition zone. When this
transition zone is considered, the depth to the 50% (sea water) isochlor is
usually assumed to be equivalent to the depth of the idealized, unmixed fresh-
water lens.

When we review the application of quantitative models to island ground-
water systems, we note that there has been Tittle systematic distinction
between geologic types and origins of islands and their implications in terms
of hydrogeology. In addition, a number of simplifying assumptions are usually
applied to the models used. One of these is that there is a single,
homogeneous aquifer; another is that tidal effects can be neglected. Another
common set of assumptions is known as the Dupuit assumptions - that
equipotential lines are vertical and that velocity is uniform over the depth
of flow (Fetter, 1972). This implies strictly horizontal ground-water
movement, and for a vertical cross-section reduces the problem to one space
dimension.

The following conditions must exist, at least approximately, for the

Dupuit assumptions to be valid: the fresh-water lens is thin compared to its



lateral extent; the slope of the phreatic surface approaches horizontality;
thickness of the aquifer is much less than its lateral extent; the aquifer is
underlain by an impermeable unit; and the interface between the saline and
fresh water is distinct. In atoll island situations the first three of these
conditions are typically met but, as will be discussed below, the last two are
often very inappropriate.

Fetter (1972) used the Dupuit assumptions and ignored tidal effects in
solving for the position of the saline-water interface between the South Fork
of Long Island, New York. Comparing numerical and analytical calculations for
the position of the interface, Fetter concluded that "under natural conditions
of fresh-water discharge", the error introduced by ignoring vertical flow
components was negligible. While this approach is valid for islands in which
the surficial aquifer is underlain by a less permeable formation or has a
depth greater than its width, it cannot be generalized to small atoll islands
which may have high permeability aquifers beneath relatively thin surficial
aquifers.

A water resources study of an atoll island (Tarawa) was performed by
Lloyd et al. (1980). To simulate the lens configquration, they used a finite
difference approximation, assumed vertical components of flow to be
negligible, and ignored tidal fluctuations. Although not considered, tidal-
induced mixing was identified as a mechanism that would adversely affect
correlation between calculated results and field observations. During
simulation of periods of heavy rainfall, recharge to the lens was so high that
calculated water level values rose above the land surface. It is possible
that the assumption of only horizontal flow made adequate water movement
through the aquifer impossible and caused unrealistic ground water

accumulations in the simulation (Wheatcraft and Buddemeier, 198la).



Fang et al. (1972) simulated two-dimensional (vertical plane), saturated
ground-water flow in a coastal beach, using finite element analysis. They
assigned a prescribed but fluctuating head at the shoreline, allowed flow
across the bottom boundary of the surface aquifer, and assumed a single-
density fluid. Although comparison of the water table calculations with field
data was good, their model solved for a free-water surface, and did not take
into account unsaturated flow conditions.

The application of governing equations for a two-dimensional vertical
plane, as well as tidal boundary conditions, was performed by Lam (1974) on
Swains Island in an attempt to devise a technique for assessing atoll aquifer
permeabilities. He initially assumed the base of the surficial aquifer to be
impermeable, the fluid to be of a single density, and provided a prescribed
head ocean boundary that changed with time (simulating tidal fluctuations).

Based on recorded data for this atoll, phase lag (the difference between
the time of high [or Tow] tide in the lagoon and the corresponding time of the
ocean tide) was shown to be significant. Lam's original finite difference
simulation did not adequately reproduce this lag relationship, and the
agreement was improved when the model was modified to include openings in the
impermeable base to permit tidally driven flow to reach the surficial aquifer
from below.

The significance of tidally driven ground-water flow at Enewetak Atoll in
the Marshall Islands has been reported by Buddemeier and Holladay (1977),
Buddemeier (1981), and Wheatcraft and Buddemeier (1981b). Buddemeier and
Holladay (1977) observed that on Enjebi Island tide lag decreased and tidal
efficiency increased with increasing well depth. The authors hypothesized the
existence of a more permeable carbonate unit beneath the surficial aquifer.

Further work on Enjebi Island by Wheatcraft and Buddemeier (1981b)



revealed that shallow well tide lags and amplitudes were independent of
distance from the shoreline. It was noted that for large island and coastal
aquifers, under conditions of horizontal signal propagation and horizontal
ground-water flow, tidal signals decrease and phase lags increase with
increasing distance from the ocean boundary (Ferris, 1951; Carr et al.,

1969). Enjebi data were compared to the standard horizontal flow conceptual
model and to the results of an analytical model that also assumed horizontally
propagated tidal signals. Neither model adequately simulated the field
observations, suggesting that atoll island ground-water dynamics differ from
large island and coastal conditions. The authors concluded that tidal signals
are propagated vertically into the surface aquifer from a permeable lower
aquifer, which they identified as the Pleistocene carbonate sequence found in
coring operations at depths of 10-20 m below the present surface. Buddemeier
(1981) showed that calculated sea-water residence times in the Pleistocene
formation were consistent with (and may control) the fresh-water inventories
observed on the various islands of Enewetak Atoll.

These observations are not consistent with the Dupuit assumptions and the
conventional descriptions of Ghyben-Herzberg lenses in several important
respects. The island aquifers are not hydrologically homogeneous, are not
underlain by an impermeable base, and the vertical dimensions of the
Pleistocene sections are in many locations large compared to horizontal reef
or island dimensions. This means that vertical water flow and tidal mixing
may be important features of atoll island fresh-water lenses, and that
horizontal flow may not be assumed, nor tidal effects neglected.

Further, there is a Targe quantity of circumstantial evidence which
indicates that these observations may be generalizable to other atoll and

coral reef islands. Throughout the tectonically stable portions of the Indo-



Pacific, the Holocene-Pleistocene contact under coral reefs typically occurs
at depths of 7-25 m, and Pleistocene sediments show evidence of subaerial
alteration during past episodes of lower sealevel. It is well established
that exposed carbonate terrains commonly develop karst-1ike features (Vacher,
1978), and karsts are among the most permeable of sedimentary formations. The
cavernous and permeable nature of the carbonate substructure of reef systems
has been documented by both drilling operations and hydrologic studies (Ladd
and Schlanger, 1960; Jacobson and Hill, 1980; PRC Toups, 1983), and various
writers have documented the karst-like topography of the antecedent structures
underlying modern reefs (Hopley, 1982).

In view of these observations and their potential significance, a
quantitative computer simulation was undertaken to test the validity and

examine the implications of the layered aquifer model for atoll islands.

2. OBJECTIVES OF THE STUDY

The investigation reported in this paper was undertaken to develop a
quantitative computer model of tidal signal propagation and water flow in a
coral reef island consisting of a surficial Holocene aquifer overlying a more
permeable Pleistocene aquifer connected hydraulically with the ocean and
lagoon.

The primary goals of this effort were: (1) to assess the influence of
tidal fluctuations upon atoll island ground-water dynamics; (2) to determine
the significance of vertical ground-water flow; and (3) to test by comparison
with field data for the hypothesized hydraulic connection between a surficial
isTand aquifer and an underlying, more permeable, consolidated aquifer.

Because of the wealth of geologic and hydrologic data available for

Enjebi Island, Enewetak Atoll, dimensions and hydrologic parameters



appropriate to Enjebi were incorporated into the model in order to permit
qualitative and quantitative comparisons of the computer simulation with
observed field data.

Figure 1 shows the locations of Enewetak Atoll, Enjebi Island, and the

test wells and transects discussed below.

3.  METHODS AND MODEL PARAMETERS

Two major simplifying assumptions were made prior to selection and
development of a quantitative model. First, it was decided to ignore fluid
density differences resulting from salinity and/or temperature variations in
the groundwater. This approach has been adopted by other workers (Fang et
al., 1972; Lam, 1974), and after reviewing the relative potentials for flow
induced by total head gradients and for that induced by density gradients in
the Enjebi Island system, we concluded that tidal effects would dominate the
system. Density gradients will affect the flow field, but the effects should
be relatively constant with respect to the oscillating tidal driving force.
Taking into account driving forces due to density gradients would require
adding an advection-dispersion equation for total dissolved solids (TDS)
coupled to an equation of state relating TDS to fluid density. This would add
substantial complexity and is unnecessary to the first step of understanding
the basic hydraulics. However, the density-coupled and solute transport
problems are important areas for further research.

Second, the system was modeled in a two-dimensional vertical plane normal
to the longitudinal axis of the reef structure. Although this approximation
is normally considered valid only for relatively symmetric "strip" islands
with length >> width, we consider it appropriate to Enjebi Island for three

reasons: (1) as noted above, well tidal responses were essentially



independent of well location, implying the absence of any edge effects on the
surficial aquifer; (2) the underlying structure of the island, and
particularly the Pleistocene aquifer, is not island-related but is a
characteristic of the atoll reef structure, which is clearly a quasi-infinite
strip formation; and (3) a smaller number of wells on Enewetak Island (which
clearly approximates the "strip island" structure) produced tidal responses
similar in both magnitude and pattern to those on Enjebi. The model section
through Enjebi Island is shown by the NE-SW line in Figure 1. The geologic
section developed by Ristvet et al. (1978) is presented in Figure 2; although
not coincident with the model section, it provides a qualitative

representation of the formations modeled.

3.1 Numerical Solution Technigues

FEMWATER (Yeh and Ward, 1980) was chosen as the calculational tool for
modeling this problem. FEMWATER employs the Galerkin finite element method,
coupled with a finite difference time-marching routine, to solve the equations
of transient, saturated-unsaturated ground-water flow in the two-dimensional
vertical plane.

The five dependent variables for the problem are: pressure head (h);
average velocity of the grains of the medium (VS); Darcy velocity of the fluid
relative to the grains of the medium (3%5)3 fluid density (pf); and moisture
content (6). Although fluid density eventually is treated as a constant in
the model, it is initially treated as a variable to facilitate the derivation
of the model equation for FEMWATER. Appendix 1 defines the symbols used for
the scientific terms in the discussion which follows.

The five governing equations that are combined to describe flow through a

saturated-unsaturated porous medium are (Yeh, 1982):



-10-

Continuity equation for a fluid;

apfSne > >
—r— * .pfSnevs+V .pqus=0 (1)

Continuity equation for a porous medium;

> ane >
VeV =gp t V- MYy (2)

Equation of fluid motion (Darcy's Law);

Fluid compressibility equation (differentiated);
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Consolidation equation (expanded and differentiated).

>
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In addition to the above mentioned equations, specific moisture capacity
is another important relationship used in the derivation of the FEMWATER
equation. Step by step derivations of the governing equations can be found in
Herman (1984).

Equations (1) through (5) are combined to form one equation for

transient, simultaneous, saturated-unsaturated ground-water flow through a
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porous medium:

(9 + 080 +a—apfg]%= V. [K. (vh+9z)] . (6)
e

Equation (6) is based on the following assumptions: porous material is
compressible, but individual grains are incompressible; bulk density of the
medium is constant; changes in fluid density do not affect work done on the
fluid by increases in pressure; pressure changes cause fluid density changes;
for the unsaturated zone, changes in effective porosity with respect to
pressure head are negligible; horizontal consolidation is negligible; and
spatial changes in fluid density are negligible (Herman and Wheatcraft, 1984).

For an extremely detailed discussion of the finite element method, the
reader is referred to Zienkiewicz (1973). Application of the Galerkin method
to the governing equations of FEMWATER is discussed in Reeves and Duguid
(1975), Yeh and Ward (1980), and Yeh (1982). A more detailed discussion of
modeling procedures and parameters is presented by Herman (1984) and can be

obtained from the first or third author.

3.2 Parameter Estimation

A data file of Enjebi hydrogeologic characteristics was used as input for
the modified computer program.' This file consisted of: (1) a set of
dimensional values that define the finite element grid approximation of a
vertical cross section through Enewetak Atoll; (2) a collection of physical
parameters that describe the hydrogeologic conditions of the subsurface
environment; and (3) a set of numerical values necessary to define the finite

element topology.

A conceptual picture of the section modeled is shown in Figure 3, which
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identifies the major features and the model boundaries discussed below. The
vertical boundary, lTocated at the left side of the profile, was chosen
arbitrarily in order to 1imit the grid size.

The cross section was divided into three horizontal hydrostratigraphic
units: (1) volcanic basalt (depth = 1277 m); (2) consolidated 1imestone
aquifer (Plio-Pleistocene to 200 m, Miocene and Eocene from 200 to 1277 m);
and (3) surficial aquifer (Holocene, unconsolidated). Each aquifer was
considered isotropic and homogeneous.

The finite element grid of the atoll cross section, both dimension and
shape, was constructed from a topographic map of Enewetak Atoll and vicinity
(Emery et al., 1954). Figure 4 shows the portion of this grid corresponding
to the surficial aquifer.

The consolidated aguifer was assumed to be saturated at all times, while
the surficial unit was considered to be a phreatic aquifer. Characteristic
curves for the unsaturated portion of the upper aquifer were constructed from
laboratory analyses of shallow Enjebi Island soils (Buddemeier, unpublished
data). For both aquifers, the coefficient of compressibility of water (8) is
4.4 x 10710 p2 secz/kg m. Table 1 contains additional values for other
hydrologic parameters. Values for storativity for the surficial and
consolidated aquifers were calculated to be 1 x 10°% and 1 x 107° m-!

3

respectively.

Effective porosity (ne) is based on data from Emery et al. (1954), and is
probably accurate to within + 50% for the unconsolidated carbonate
materials. However, in the Pleistocene aquifers the effective porosity may be
considerably less for the well-cemented formations and may approach 100% for

the cavernous voids.

The hydraulic conductivity of the surficial aquifer is based on
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determinations by Wheatcraft and Buddemeier (1981b). Although natural
variations are substantial, the value used agrees reasonably well with other
data determined from well tests on surficial island aquifers (Jacobson and
Hi11l, 1980; PRC Toups, 1984), and is almost certainly of the correct order of
magnitude. The value used for the Pleistocene aquifer hydraulic conductivity
was deliberately chosen to represent extreme, but not unreasonable,
conditions; it is at the upper end of ranges of hydraulic conductivities given
for karst formations by Freeze and Cherry (1979), and is approximately a
factor of three greater than the highest reef and island hydraulic
conductivities reported for shallow well tests (Oberdorfer and Buddemeier,
1983; Hunt, 1979). The intention was to test the model using the maximum
credible permeability assumptions for the Pleistocene aquifer.

The tide signal used in the model was a sine wave with a twelve-hour
period and a 1.8 meter amplitude; Enewetak tides are mixed semi-diurnal with a
maximum (spring tide) range of 1.8 m. Lagoon and ocean tides were assumed to
be in phase (Buddemeier, 1981), and mean sea level was assumed to be the same
in both Tagoon and ocean.

Both Tagoon and ocean tide signals were assumed to be directly coupled to
the Pleistocene formation. This approximation is probably valid for Enewetak,
where the lagoon has a large number of pinnacle reefs which outcrop through
the unconsolidated lagoon sediments. Recent seismic investigations have shown
that the foundations of the pinnacles are almost certainly an extension of the
Pleistocene formation (E. Shinn, personal communication); hence, the pinnacles
can serve as pressure conduits to the underlying consolidated formation. Such

an assumption may not be valid for lagoon systems which have thicker layers of

Holocene sediments and fewer patch or pinnacle reefs.
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3.3 Boundary Conditions and Calculation Procedures

For the initial conditions (time t = 0), every node in the finite element

grid was assigned a pressure-head value based on the following equation:

h(xi,zi,O) = 1277.0 - z; (7)
where the value 1277.0 represents mean sea level (in meters) measured from the
consolidated aquifer's impermeable volcanic base, and z; is the elevation head
(vertical coordinate) of node "i".

The maximum elevation of the island is taken as 1280 m, so the 1277 m
value for MSL corresponds to a depth of 3 m in Figures 4, 5, and 6. The first
set of calculational nodes at a total depth of 4 m thus correspond to a depth
of approximately 1 m below the water table. This is the approximate depth of
the shallow test wells, the data from which are compared with the simulation
results.

The boundaries B; and B, (Figure 3) correspond to the sediment-water
interface below the high tide Tevel. These were specified as modified
Dirichlet (prescribed head) boundaries; every node along these boundaries was
assigned a new prescribed pressure-head value at the beginning of each time
step, but the value remained constant throughout the time step. As noted
above, the interior of the island above the consolidated aquifer was treated
as a phreatic aquifer, with saturated or unsaturated conditions simulated as

appropriate. The equation used to express prescribed pressure head is

h(xb,zb,t) = 0.9 sin(4nt/86400) + 1277.0 (8)

where xp, and z, are the spatial coordinates of any node located on boundaries
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By or B,. Again, the above equation represents a mathematical approximation
of the tide cycle for Enewetak Atoll. Numerical values have been substituted
for previously discussed hydrologic parameters.

Boundary B3 is a contact between the consolidated carbonate rock and the
basalt volcano, while boundary Bg is the island land surface above both ocean
and lagoon high tides. Boundary B4 was created to limit the grid size. All
of these boundaries were treated as no-flow boundaries. Expressed

mathematically,

q(x.,z.,t) =-n.[K . (vh+vz)] =0 (9)

where x. and z. are the spatial coordinates of any node located on boundaries
B3, Bgs or Bg. This equation states that no water flux occurs along
boundaries B3, B4, or B5.

Consecutive half-hour time steps were run until pseudo steady-state
conditions were achieved, or in other words, when pressure distributions for
one time step were approximately the same as for a time step exactly 12 hours
earlier. A simulated complete tide cycle occurs within a 12-hour period;
therefore, "cycle steps" are defined as ranging from 0 to 12. For example,
high tide corresponds to cycle step 3, and low tide corresponds to cycle step
9. Recharge to the system from rainfall infiltration is ignored because it
produces a constant driving force and is small compared to the tidal driving
force. It should be noted that fresh water recharge will play an important
role in future simulations that solve the density-coupled problem because

recharge provides the balance which establishes a fresh water lens.
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4.  RESULTS

4.1 Tidal Efficiency and Lag Computations

Tidal efficiency and average tidal lag calculations were made for several
rows of nodes within the upper aquifer as well as within the lower aquifer.
These computations provided a means for analyzing the relation between lag
and/or efficiency and depth and/or distance from a shoreline.

The orientation of depths and rows chosen for comparison appear in Figure
4. Not appearing in Figure 4 is a row of nodes at a maximum depth of 45
meters below land surface (42 m below MSL). This row was included in the
analysis to serve as a representative sampling of nodes within the Tower
aquifer. The "distance from lagoon shoreline" nodal values are relative to
the point on the shoreline where low tide is calculated to occur.

Nodal efficiency and tide lag values were calculated from simulated
pressure-head results, and then plotted against distance from the Tagoon
shoreline (Figure 5). The results indicate that tidal efficiency increases
and lag decreases with increasing depth. In the vertical sections underlying
the intertidal zones, there is a relative decrease in the magnitude of the
tidal signal as distance from either shoreline increases (Figures 4 and 5,
sections A and C); however, the efficiency values in section B (underlying the
supratidal portions of the island) do not tend toward zero, as would be the
case when ground water flows in a principally horizontal direction.

The efficiencies and lags in section B remain quite constant with respect
to horizontal distance, and values in the Pleistocene aquifer differ only
marginally from the oceanic signal. This is a clear indication of vertical
ground-water flow within the conceptual model's surficial aquifer. This
observation, coupled with the fact that efficiencies increase with depth,

proves that the conceptualization of a hydraulic connection between the actual
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surficial and consolidated aquifers is reasonable, and that the real-world
consolidated aquifer exerts considerable control over the flow dynamics within
the surficial aquifer.

The asymmetric shape of the lag and efficiency curves is due to the
difference in land slope between the lagoon and ocean sides of the island.
The island profile in Figure 4 shows that the Tand surface on the lagoon side
possesses a much shallower slope than the land surface on the ocean side.
Correspondingly, the nodal efficiency values for the lagoon side form a
shallower slope than the ocean-side points. Relatively speaking, this
relation suggests that the strength of the tidal signal decays more slowly on

the lagoon side than on the ocean side.

4.2 Total Head Contour Maps

Total head contour maps of the aquifer cross section were constructed for
the critical hours 0, 3, 6, and 9 (corresponding to rising, high, falling, and
low tides, respectively); these are shown in Figure 6. The 12 hour sequence
shown represents a complete tide cycle initiated on the 60th hour of
simulation. For step 9, contour lines terminate at land surface, well above
free standing water levels. This is because the nodes along the land surface,
up to where the maximum high-tide levels occur, are prescribed-head nodes and
therefore define where the contour lines should be plotted, independent of
head conditions within the aquifer.

Steps 0(12) and 3 represent water levels at mid-tide and high tide, and
indicate that ground-water movement at the aquifer margins is directed from
the ocean (or lagoon) inward. Beginning at the first time step, ground-water
flow in the central portion of the aquifer is in an upward direction. This

reflects the highly influential nature of the lower aquifer, as it relates to
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the ground-water flow system. As time progresses, the rising tide, via the
lower aquifer, causes continued upward ground-water movement.

The geometry of the surficial aquifer is responsible for the asymmetric
head responses displayed in the cross section. The steepness of the ocean-
side slope, particularly in comparison to the lagoon-side slope, ensures that
ground-water flow near the ocean boundary will be predominantly horizontal.
This is evidenced by the almost vertical equipotential 1ines near the ocean
and can be contrasted with the equipotential lines near the lagoon, which vary

from vertical to being parallel to the land slope.

4.3 Velocity-Field Illustrations

Darcy-velocity fields (Figure 7) for the surficial aquifer were
constructed for the same steps as the equipotential contours. These figures
were qualitatively extrapolated from the total head contour maps, with the
relative size of an arrow indicating the magnitude of the velocity.

The velocity fields of steps 3 (high tide) and 9 (low tide) very clearly
reflect the effects that the tides have on ground-water flow. By the time
high tide is reached, the ocean and lagoon have set up head gradients toward
the interior of the surficial aquifer, while at low tide, ground water flows
from the surficial aquifer toward the lower aquifer, lagoon, and ocean. In
both cases (as well as for all other points in time), ocean and lagoon water-
level variations affect ground-water flow in the lower aquifer sooner than in
the upper aquifer. This is due to the higher permeability of the Tower
aquifer, and is reflected in the lower tidal lags and higher efficiencies
calculated for this aquifer. Water that is forced into the lower aquifer
during a rising tide can only flow into the upper aquifer. More generally,

all four velocity-field drawings serve to illustrate the dominant presence of
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vertical ground-water flow in the central portion of the island.

5.  DISCUSSION

Before proceeding with a comparison of the field data and the computer
simulation results, three important qualifications must be noted.

First, the major discrepancy between the model and the actual island is
in the dimensions of the intertidal zones. While the total length of the
island section is correct, the actual island beaches are stepped and/or bermed
more steeply from the low-water mark. This results in intertidal zone
dimensions of a few tens of meters at most, rather than the 135 m (oceanside)
and 165 m (lagoon side) values adopted for the model. We proceeded on this
basis for several reasons, the least noble being that it was considerably
simpler to do so. However, an advantage gained was the better resolution of
boundary effects and the factors controlling them; the pattern of variations
seen in sections A and C of Figures 5, 6, and 7 would require modeling on a
different scale if actual tidal zone dimensions were used. Finally, it should
be noted that most of the shallow test wells which are the primary source of
field data are far enough from the beach so that they do not fall into the
spurious intertidal zone modeled.

The second point is that no effort was made to model any effects of the
oceanward reef plate, which Ayers et al. (1984) have pointed out may act as a
leaky confining layer. At Enjebi, the reef plate only projects a short
distance under the island (Figure 2), and reef drilling projects have
demonstrated that the reef plate is only a rather thin veneer over
unconsolidated and permeable sediments (Ladd and Schlanger, 1960; Oberdorfer
and Buddemeier, 1983). In any event, perturbations would be Timited primarily

to the intertidal zone, and we consider neglect of reef plate effects
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justifiable in terms of the overall objectives of the study.

Finally, we note that the field data used for comparison come from two
classes of wells. The shallow "1 m" wells were pits or piezometers which
penetrated the water table 0.3-2.0 m and probably provide an accurate picture
of water-table tidal responses. The deeper test wells were cased with
continuously slotted casing, so tide signals are integrated over the entire
depth and are more difficult to interpret (see Buddemeier and Holladay, 1977).

Figure 8 plots on a single figure both the field data and the computer
simulation results for the surficial aquifer. Because of the geometry of
Enjebi Island (Figure 1), some of the wells are closest to shorelines which
are normal to the axis of the main reef, so all points were simply plotted as
a function of distance from the nearest shoreline.

As noted above, both the shallow well field data and the simulation
results for the central portion of the island are essentially independent of
distance from shoreline. Furthermore, the numerical values for the actual "1
m" wells fall between the model values calculated for one meter and three
meters below MSL in all cases except for those corresponding to the model's
artificial intertidal zone.

We believe that the excellent qualitative and quantitative agreement
between the simulation results and the field data not only demonstrates the
validity of the two-layer aquifer model, but also validates our assumptions
about the magnitude of the Pleistocene aquifer hydraulic conductivity and
effectiveness of its coupling to the lagoon and ocean tide signals.

In view of the success of this modeling effort, two further comments are
warranted. First, from Figure 5 we see that the pattern of smooth change in
efficiency across the intertidal zones is not matched by the pattern of lags

(see especially the points around 200 and 800 m from the lagoon shoreline).
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This sheds some 1ight on the persistent failure to find clean monotonic
relationships between lag and efficiency in atoll island studies (Arnow, 1955;
Ayers, 1984; Hunt and Peterson, 1980; PRC Toups, 1984). Clearly, the
interaction of multiple pathways for the tide signal can result in locally
variable relationships between lag and efficiency, and such variability may be
diagnostic of the presence of multiple aquifer systems.

Finally, the results of this study bear on a local phenomenon on Enjebi
Island. Well XEN-1 (Figure 2) is very close to the ocean shoreline, is deep,
and has a very short lag and moderately high efficiency, yet it has a large
freshwater inventory and a very stable structure of salinity reductions at
depth (Noshkin et al., 1976; Buddemeier and Holladay, 1977). Reference to
Fiqures 6 and 7 suggests that the hydraulic and geometric factors at this
location may result in very little net lateral displacement of water,
permitting the vertical mixing to maintain reduced salinities at a substantial

depth in the formation.

6.  CONCLUSIONS

Based on the results of this computer simulation and its comparison to

field studies, we conclude that:

A.  Computer modeling of atoll island ground-water systems can be a valuable
interpretive and predictive tool if it is based on an adequate conceptual

model and supported by the necessary data.

B. At Enewetak Atoll, island hydrology is controlled by a layered aquifer
system consisting of an unconsolidated Holocene aquifer supported by a

highly permeable Pleistocene aquifer. Specific conclusions derived from
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this are:

1. Vertical water movement predominates throughout most of the surficial
aquifer;

2. The Pleistocene aquifer has hydraulic conductivity on the order of
10'2 m/sec; and

3. Lagoon and ocean influences on the island ground water are affected
primarily via the lower aquifer, rather than horizontally through the

surficial aquifer.

The available literature on atoll geology and hydrology suggests similar
effects may be expected in many, if not most, atoll islands. This
implies that the traditional approach of modeling a classic Ghyben-
Herzberg lens using the Dupuit assumptions may be inappropriate in many

cases.
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APPENDIX 1 - LIST OF SCIENTIFIC TERMS

Symbol

e

Definition
Exponential term
Acceleration of gravity
Pressure head
Hydraulic (total) head
Hydraulic conductivity tensor

Saturated hydraulic conductivity
in x-direction

Saturated hydraulic conductivity
in z-direction

Unit normal vector
Effective porosity
Fluid pressure
Datum fluid pressure
Darcy velocity of the fluid
Darcy velocity of the fluid
relative to the grains of
the medium
Degree of saturation
Time

Average velocity of the grains
of the medium

Volume
“Dummy" limit of integration
Horizontal component of direction

Vertical component of direction,
or the elevation head

Coefficient of compressibility of
matrix medium

Dimensions
Dimensionless
(L/T%)

(L)
(L)
(L/T)
(L/T)

(L/T)

Dimensionless
Dimensionless
(M/LT?)
(M/LT2)

(L/T)

(L/T)

Dimensionless
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Symbol Definition Dimensions
B Coefficient of compressibility of (L2T2/ML)
water
] Sng = moisture content Dimensionless
o Fluid density (M/L3)
p? Fluid density at datum pressure (M/L3)
dv Differential volume element at (L3)
t>0
v Differential vector operator (1/L)
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Table 1. Relevant Hydrologic Parameters

B K K

XX 27
Aquifer (m2 sec2/kg m) Ne (m/sec) (m/sec)
Surficial 1.0 x 10-8 0.30 6.9 x 102 6.9 x 10-4

Consolidated 1.0 x 1079 0.30 6.9 x 10~2 6.9 x 1072
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CAPTIONS

a) Enewetak Atoll, showing location of Enjebi Island.

b) Enjebi Island, showing locations of test wells, computer
simulation transect (-), and geologic section transect (- - -; see
Figure 2).

Geologic cross section of Enjebi Island (Ristvet et al., 1978).
See Figure 1 for section location.

Conceptual model of the atoll section through Enjebi Island used
for computer simulation. B;-Bg represent the model boundaries
discussed in the text.

Finite element grid of surficial aquifer cross section, Enjebi
Island. Calculational nodes in the lower aquifer are not shown.
Sections A and C correspond to the simulated intertidal zones,
Section B to the central (supratidal) portion of the island. These
sections are included for illustrative purposes and do not
represent features of the model.

Calculated aquifer tide signal responses as a function of depth and
distance from shoreline. Ocean shoreline is 945 m from lagoon
shoreline; sections A-C are as defined in Figure 4. (a) Tide lag
in hours. (b) Tidal efficiency relative to ocean tide.

Total head contour maps for Enjebi Island model section. Contour
interval = 0.1 m; MSL = 1277.0 m. Time after beginning of
simulation: (a) 60 hours (rising tide); (b) 63 hours (high tide);
(c) 66 hours (falling tide); (d) 69 hours (low tide).

Velocity field maps for the model section of the surficial
aquifers, Enjebi Island. Scales and tide cycle steps are the same

as for Figure 6. Velocities are uncalibrated, but proportional to
vector lengths.

Comparison of observed and calculated aquifer tide responses as a
function of depth and distance from shoreline. The region to the
left of the labeled vertical line corresponds to the simulated
intertidal zone; the actual intertidal is < 50 m. (a) Tidal
efficiency. (b) Tidal lag. -



Enjebi Reef crest

a) b)

Computer

simulation
transect

N .
1 Enjebi Island

Enewetak Atoll

\\\::wetak
- ° i
Kilometers QL ‘I transect— Lagoon Meters
2|
7 Wells
A ¢ /-Enewetak\\ S1m

i a 818m

00
/sl(. X | @ 18-80 m

140°E 180° 140°W

FIGURE 1
Herman et al.

"A Layered Aquifer Model. . .“



XEN-1

XEN-9 XEN-2 XEN-8 XEN-5
Sat—

oand wd6

3
¥ &t

Solution
¥V unconformity

FIGURE 2
Herman, et al.
"A Layered Aquifer Model..."



Not to scale

Enjebi Island

|._781 FE ->|<—858urficigl aquifer

FIGURE 3
Herman et al.

"A Layered Aguifer Model. . ."



Depth (m)

o -
® — Indicates node used for efficiency
1 and lag calculations, comparisons Ocean
2 ® o0 6060 ss0®e o side
3 High tide
MSL o e & & o [ X I W ) [ ]

4 Low tide  Lesoon side es0ecceee o o
5 ¢ gje & 06 & 00 o e o L [ ]

0 100 1
6 [t s qo 0 ¢ o000 0o 0 o O

Horizontal scale (m)
7 — [ ] ] 4 L ] [ ® o & 0 ° L ] [ ] [ ] [
8 — . o e ol e ¢ {6 0o ¢ © o o » .
9 |<-A-.< B >
10 - L ] e @ ° [} : - [ ] [ ) [ ] L ] L) [ ] [ ] ®
M- *» o e o o . . ° e o @® o .
.I

12 — ‘
Lk . " e ¢ o o o lo o 0o 0 00 o
14 . l Hol Pleistocen tact
Wl o L e i cop,

-9 g @

FIGURE 4

Herman, et al.
"A Layered Aquifer Model..."



(a)

Tidal efficiency

g

Average tidal lag (hrs)

1.0
0.9
08
0.7
0.6
05
04
03
0.2
0.1

O ma N W adaOOoO

1 1 I 1 l | L] l 1 I 1
Adta— B
e A
o » ) g,.q o0 ® o @
Depth below MSL s e sssan © +
o1lm
B A3 m
e10m 09
— ®42 m A =
v o —
- o —
of asassas a 5!
O 00000000 O ©
il I N B R R R 1=
600 -400 -200 0 200 400 600 800 1000
Distance from lagoon shoreline (m)
| 1 l ] I L 1 I L] ] ) I 1 l L ]
— e A\ pta——— B ———> —
_ c 4
d O ———
" o1m o o & ]
- A3m 0% 000000 © ]
— 810 m o =]
- 4 O -
— o422 m - b AL Lia b 4 A . l® ]
[ s §‘3 g goes = ]
—8 e ' ' ' A.A ® & oo .t ®
I 'l l ] J » A l -4 l A l L I A
-600 -400 -200 0 200 400 600 800 1000
Distance from lagoon shoreline (m)
FIGURE 5

Herman, et al.
“"A Layered Aquifer Model..."



st

LA

10

lll"'

15

Pt e o

FIGURE 6
Herman, et al.

"A Layered Aquifer Model..."




(a)

(b)

FIGURE 7
Herman et al.

"A Lavered Aquifer Model.




Tidal efficiency

Measured values Computed values
O 1 m depth ¢ 1 mdepth
0 8-18m ®=3m
s 10m
1.0 | L 107 T ]
- (a) - - (b) ﬁ]
ya¥
O.BE AAAAAAMA— ..-;8— | |
! 7 £ . T
-0 l - t_‘ — ¢| -
0.4 | — T 4+ ) ¢
of I RO Cacud
02'_D ‘O.C, = CT1L I 3 § 2| ‘1‘.““. L]
S0y oW o] & Aot s e o
— | 0"_ \ ]
I BT e A A IR T T
0 100 200 300 400 500 0

Distance inland
from shoreline {(m)

FIGURE 8

Herman et al.

100 200 300 400 500

Distance inland
from shoreline (m)

"A Layered Aquifer Model. . ."



